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Chapter 1

Introduction

The two outstanding scientific problems in the arena of discrimination and verification of
underground nuclear explosions are monitoring of a comprehensive test ban (CTBT) and
developing “confidence” that the seismograms from small and moderate-sized events are
understood and therefore identifiable. Both these problems require a fai’ll"ly complete understanding
of broadband regional distance seismic phases from both explosions (nuclear and chemical) and
earthquakes. Most discrimination schemes are based on ratios of the excitation of various phases.
Unfortunately, regional distance seismic phases are a complex combination of both propagation
and source effects, and any discrimination algorithm requires both empirical and analytic
development. There is a basic need to improve our understanding of regional distance wave
propagation and the effects of Earth structure on the character of Pn, Pg, and Lg. Further,
seismologists must improve their understanding of the excitation of the various phases and their
dependence on source (earthquakes and explosions). -

Open seismic stations equipped with very broadband sensors provide an outstanding
experimental facility for improving our understanding of regional distance seismology. The
stations are situated in a wide range of geological environments and allow a data base to be
constructed for situations which are important for monitoring. This allows us to go to regions
where there is direct monitoring interest, or to regions which may serve as analogs. Until recently,
there was concern that certain South American countries had the capability of clandestine testing of
a nuclear device. Little work has been done on the details of high-frequency, regional distance
propagation along the Andean Cordillera, which is a complex mountain belt. Spectral
characteristics of regional distance seismograms provide the most promising discriminants; this is
based on the following: (1) Given the same zero frequency moment, an earthquake will be
enriched in high frequencies as compared to an explosion, and (2) earthquakes excite more S wave
type energy than explosions. Typically, spectral discriminants are based on the ratio of the

amplitude of a particular regional distance phase (Pn, Pg, or Lg) in two narrow bands. Various




phase ratio pairs such as Pg/Lg and Pn/Lg show good separation of earthquake and explosion
populations. Unfortunately, travel path has a strong influence on the “base line” of explosion—
earthquake separation criteria. In Chapter 2 we model the entire regional waveforms for seismic
events which traversed the Andean Cordillera. This analysis allowed us to detail crustal thickness,
average crustal velocity, and efficiency of propagation.

One of the major problems with regional seismic events is that they are usually recorded at
a limited number of stations. In fact, it is not unusual for an event to be recorded at a single
regional distance station. In Chapter 3 we develop procedures to treat such a single staﬁon asa
seismic observatory. We have developed a relative location procedure in which an established
epicentral coordinate is used as a reference to locate smaller events. The procedure is stepwise: (1)
Epicentral coordinates are determined from polarization analysis, and (2) focal mechanisms are
determined from a waveform inversion.

Chapter 4 reports the results of a temporary broadband deployment used to record the Non-
Proliferation Experiment (NPE). The profile was designed to investigate the development of
regional seismic phases to explore how a change in geologic environment affects seismic

discriminants.




Chapter 2

Crustal thickness variations in the Central Andes of South America determined from

regional waveform modeling of earthquakes

Barbra K. Schuessler !, Susan L. Beck 1, George Zandt 2, and Terry C. Wallace !
1 Dept. of Geosciences, University of Arizona, Tucson, AZ 85721, USA
2] awrence Livermore National Laboratory, Livermore, CA 94550

SUMMARY

The Central Andes of South America are a complex mountain belt associated with the subduction
of the Nazca plate beneath the South American plate. The Peruvian Andes have an average
elevation of over 5000 m, and the Altiplano Plateau has an average elevation of nearly 4000 m.
Many models have been proposed to explain the uplift of the Peruvian Andes and the Altiplano,
including magmatic addition, lithospheric thinning, crustal shortening, lithospheric delamination,
and combinations of these mechanisms. Detailed determination of crustal thickness and average
crustal velocities for the Central Andes provides important constraints for va;ious thermal and
mechanical uplift models. Using shallow fo intermediate-depth, regional distance earthquakes,
recorded at the digital stations NNA and ZOBO, first-o_rder approximations of the crustal
thickness and average crustal velocities have been obtained for parts of the Central Andes in Peru
and Bolivia.

We modeled the entire regional waveform in the passband of 20 to 100 s with synthetic
seismograms calculated with the reflectivity method. The observed and synthetic waveforms are
compared using a grid search to maximize the fit in terms of average crustal thickness, crustal
velocity, and mantle lid structure. Events located north of NNA, which are sensitive to the
structure beneath the Peruvian Andes, are best modeled with a 48-km-thick crust and an average
crustal P-wave velocity of 6.2 km s~ above an ~40-km-thick lithospheric lid. These events

sample an inactive region of the magmatic arc directly above a flat subducting slab. Events located

above the area of slab dip transition are modeled with a 60-km-thick crust and an average P-wave




velocity of 6.1 kms-1. Events with paths confined to the Altiplano show an average crustal
thickness of 75 km, with a 50-km-thick mantle lid. Our results also suggest that the average
crustal P-wave velocities are relatively low (5.95 km s-1) under the Altiplano Plateau. A receiver
function analysis of the data recorded at LPAZ in the Eastern Cordillera indicates a crustal

thickness of only 55 km, much thinner than the nearby Altiplano Plateau.
Key Words: Altiplano Plateau, Peruvian Andes, crustal structure, reflectivity modeling

1 INTRODUCTION

The Andes of South America are a continuous mountain belt stretching over 4000 km along
the convergent margin between the South American plate and the Nazca plate (Fig. 1). This
convergent margin and associated structures are the type locality for many studies on ocean-
continent subduction and mountain building processes. In this study, we present new
seismological evidence on regional crustal thickness variations along the length of the Andes.

The major tectonic regions of the Peruvian Andes are a narrow coastal plain, the volcanic
Cordillera Occidental, the Altiplano, the uplifted older fold-and-thrust belt of the Cordillera Oriental
and the active fold-and-thrust belt of the sub-Andes. In the Peruvian Andes north of 10°S, an
inactive volcanic arc and a fold and thrust belt form a single continuous mountain chain.
Crystalline basement rocks outcrop in the coastal plain region, and the Ariquepa block, a
Precambrian massif 1.8-2.0 b.y. old (Dalmayrac, Lancelot & Leyreloup 1977), outcrops from 14—
17°S (Suarez, Molnar & Burchfiel 1983). A coastal range, the Cordillera Blanca, extends from 8°
to 10°S, just NW of the Cordillera Occidental. The elevation of the range exceeds 5500 m and
reaches 6800 m locally (Dalmayrac & Molnar 1981). The extreme topographic relief of the
mountains and the presence of many young granitic plutons (3—12 m.y.) suggest that this range is
a young feature (Stewart, Evernden & Snelling 1974; Dalmaryrac & Molnar 1981).

South of 10°S, the Peruvian Andes split into two branches, the Western and Eastern
Cordillera, separated by the Altiplano high plateau (Fig. 2). At Lake Titicaca near La Paz, Bolivia,
the width of this plateau reaches 350 km (Fukao, Yamamoto & Kono 1989). This denotes the




central portion of the Andes, where the Altiplano high plateau is located. The plateau has been an
area of special interest since it is proposed to have an anomalously thick crust between 60-80 km
thick, which supports a mean elevation of 4 km (James 1971b; Ocola, Meyer & Aldrich 1971;
Isacks 1988). This study focuses on the Peruvian Andes and the northern section of the Altiplano
Plateau (Fig. 2).

The western margin of South America has been the locus of sut;duction for at least 300
million years. During this long period of complicated subduction the slab-continent interaction has
evolved with time. Currently, the subducting Nazca plate has two segments of relatively flat dip
between 8° to 13°S and then again between 28° to 32°S (Haswega & Sacks 1981; Jordan er al.
1983; Chinn & Isacks 1983; Cahill & Isacks 1992). There is no active volcanism above the flat
slab regions, presumably due to the absence of the asthenospheric wedge (Barazangi & Isacks
1979). The subducting slab is at an angle of 30° beneath most of the Altiplano Plateau,
accompanied by active arc volcanism (between 13° and 28°S) (Cahill and Isacks 1992). North of
8°S and between 13° and 28°S the subducting slab has a normal dip of approximately 30°. The
Peruvian Andes lie above a flat slab region with the abrupt transition zone in slab dip at 14° to 15°S
(Barazangi & Isacks 1979; Grange et al. 1984; Lindo et al. 1992).

Many mechanisms have been proposed for the crustal thickening and uplift of the Peruvian
Andes and Altiplano Plateau. The end-member models that have been proposed include
underthrusting of the Brazilian craton (Suarez, Molnar & Burchfiel 1983; Jordan er al. 1983,
Roeder 1988; Dorbath et al. 1993), distributed crustal shortening and telescoping (Isacks 1988;
Allmendinger er al. 1990; Sheffels 1990, Schmitz 1994), lithospheric thinning (Froidevaux &
Isacks 1984; Isacks 1988; Whitman et al. 1992), magmatic addition (James 1971b; Kono, Fukao
& Yamamoto 1989), and combinations of these end member models. The crustal and upper mantle
structure beneath the Andes has not been well constrained due to limited seismic station coverage

and rugged terrain.




2 PREVIOUS GEOPHYSICAL STUDIES

There have been several geophysical studies of the Altplano Plateau in Bolivia but much
fewer studies in the Peruvian Andes and the Eastern Cordillera, due in part to the rugged terrane.
Previous geophysical studies of the Altiplano have derived varying results for crustal thicknesses
and average crustal velocities, but all studies find thick crust beneath the Altiplano. James (1971a)
used phase and group velocities of Rayleigh and Love waves and found a 70-km-thick crust
having an average crustal velocity of 6.15 km s~! beneath the Western Cordillera, with the crust
thinning to 50-55 km and having a crustal velocity of 5.95 kms-! under the Eastern Cordillera.
Seismic refraction studies (Ocola, Myer & Aldrich 1971; Ocola & Meyer 1972) were unable to
constrain the crustal thickness since there was no clear evidence of a Moho reflection. However,
this implied that the crust was greater than 70 km thick. A more recent seismic refraction study
(Wigger 1988) indicates that crustal thickness is about 70 km beneath the Altiplano and the average
crustal velocity is a low 6.0 kimy/s. These crustal parameters are supported by a teleseismic study of
near-source depth-phase precursors sampling the southern Altiplano which determined a crustal
thickness of 75-80 km and an average crustal velocity of 5.9-6.0 km/s (Zandt et al. 1994). Cabre
(1983) used inversion of P- and S-wave residuals and Fernandez & Careaga (1968) used spectral
analysis of longitudinal seismic waves to obtain a thickness of 65 km beneath La Paz, Bolivia. A
recent study of travel-time residuals for teleseismic events by Dorbath er al. (1993) interprets a 10-
km thinning of the crust from the Altiplano to the Eastern Cordillera near La Paz, Bolivia.

Gravity studies are important for constraining lateral density variations in the crust.
Gravity surveys across the Peruvian Andes are modeled with a crustal thickness of 45 km in
northern Peru, 55 km in central Peru, and 65 km in southern Peru (Fukao er al. 1989). For the
Altiplano, the gravity is consistent with the crust being thickest beneath the Western Cordillera
(about 75 km) and gradually thinning toward the Eastern Cordillera and Sub-Andean zone (Fukao
et al. 1989). Lyon-Caen, Molnar & Suarez (1985) matched their observed Bouguer anomaly of
—400 mGal across the Altiplano by using a 70-km-thick crust. Gravity results from 21°S to 25°S

by Gotze, Schmidt & Strunk (1988) show a 70-km-thick crust beneath the Altiplano and a 40-km-
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thick crust beneath the Brazilian shield. Ocola and Meyer (1973) modeled gravity with‘a 75-km-
thick crust beneath the Altiplano and a 70-km-thick crust in southern Peru. The transition to a 40-
km-thick Brazilian Shield appears to be abrupt in Peru and more gentle in Bolivia (Ocola & Meyer
1973).

Although all these studies indicate relatively thick crust beneath the Altiplano, many of the
estimates are not well constrained. We have modeled waveforms from regional distance
earthquakes in order to help constrain the average crustal thickness along the Central Andes. We
use regional data recorded at digital seismic stations NNA in Peru and ZOBO in Bolivia ('Fig. 1).
In addition, we modeled some teleseismic broadband data recorded at LPAZ, a new digital seismic

station that replaced ZOBO.

3 DATA

Regional distance seismograms are sensitive to the details of the crust-mantle waveguide.
At long periods, the relative timing of body and surface waves arrivals depend on the gross
properties of the crust (thickness and mean velocity) and uppermost mantle. W;have modeled the
regional waveform (P,; and surface wavés) in the passband of 20 to 100 s. We use digital
seismograms recorded from two permanent seismic stations in South America, NNA and ZOBO.
NNA is a digital broadband station located near the coast of Peru and east of Lima, in Nafia. This
region is underlain by a flat segment of the subducting slab, just north of the transition zone where
the slab dip becomes more steep. ZOBO was a digital Seismic Research Observatory (SRO)
station, located northeast of the Altiplano, in the Eastern Cordillera, northeast of La Paz, Bolivia.
Recently, a new digital broadband station LPAZ has been installed near ZOBO. We used the long-
period channel of the ZOBO data and the broadband channel of NNA to model regional
waveforms. An example of data from each station, filtered in the bandpass from 20 to 100's, is
shown in Fig. 3. The 21 events selected for the study all have magnitudes greater than 5.0, and
their locations are shown in Fig. 1. Both shallow and intermediate-depth earthquakes are used,
with most of the events located in the downgoing Nazca plate. Each record has a clear P-wave

arrival and a high signal-to-noise ratio. We modeled the endre waveform, including both body and




surface waves, on the vertical, tangential, and radial components when possible. Howévcr, ina
few cases the records were clipped beyond 100 s; therefore only the P-wave arrivals of the
seismograms are modeled.

We compared the Harvard CMT locations and mechanisms with the U.S. Geological
Survey Preliminary Determination of Epicenters (PDE) locations and mechanisms and only
considered events in which there was good agreement. The event parameters for the nine events
recorded at NNA and the parameters for the twelve events recorded at ZOBO are in Tables 1 and 2,
respectively. In addition, we also analyzed receiver functions from four teleseismic events

recorded at the new broadband station LPAZ (Table 8) located near ZOBO.

4 REGIONAL WAVEFORM MODELING

The gross lithospheric seismic structure of the Central Andes was estimated by comparing
synthetic seismograms to observed regional distance waveforms. The synthetics, calculated in the
passband of 20 to 100 s, were generated with the reflectivity method (Miiller 1985) utilizing the
formulaion of Kennett (1983) as implemented by Randall (1994). A hou’zontaﬂy stratified Earth
model is assumed with a double-couple poirit source. We assumed a dissipative media where Qg =
2.25 Qp. The value of Q is defined for each layer using a O model based on the estimates for
upper mantle attenuation in South America by Whitman ez al. (1992). The input model parameters
include layer densities and a velocity—depth model using Poisson’s ratio for the crust of v = 0.24
and for the mantle of v=0.27. Other model input parameters are listed in Table 3.

The observed and synthetic waveforms are correlated to measure the goodness of fit. We
used a grid search to maximize correlation in terms of average crustal thickness, crustal velocity,
upper mantle velocity, and mantle lid thickness. For each event, a large range of thicknesses and
velocities were tested in order to investigate the trade-off between various parameters.

The instrument response is added to the synthetics, and then both the data and synthetics
are filtered between 20 and 100 s before comparison and the amplitude is normalized. Higher-
frequency body waves are filtered out because they are sensitive to shallow crust variations, and

our goal is to focus on larger-scale variations in the crust and upper mantle rather than local




complexities. Using relative amplitudes, the waveform comparison includes the relative timing
between the body and surface waves, the overall waveform, and the travel time for the event. The
synthetics are aligned with the data using the absolute travel times and are then cut to the same
length and sampling rate for comparison. Each fit was compared visually and numerically using
correlation coefficient calculations.

The correlation coefficient between the data and synthetic waveform is calculated using the

following formula:

Ja(t) b(t—1)dr
( [ao ] (z))m

where a represents the observed time series and b represents the synthetic time series. If the

(1

observed and synthetic are aligned a priori, then the correlation coefficient reduces to

Yab 5
{(}:az)(zbz)]m 2)

A perfect fit would have a correlation coefficient equal to 1, and a completely out-of-phase fit
would have a value of —1. Each component of the seismic record is compared separately, then the
correlation coefficients for all three are averaged to give a single value for each model. Thus, the
vertical, radial, and tangential components are weighted equally. With this approach, the
correlation coefficient comparison is more sensitive to the match of the large-amplitude surface
waves rather than the body waves. Occasionally this results in a maximum correlation coefficient
with the P waves out of phase. When this happens, the correlation coefficient is disregarded, and
only the solutions matching the P-wave polarity are considered. The correlation coefficient values
are contoured to determine the best values of average crustal thickness and average crustal velocity
for the path.

Since the synthetic seismograms are computed assuming flat layers, we find the best

average thickness for the entire event—station path. For long paths that cross several tectonic




provinces with lateral heterogeneity, it is less clear how to interpret the average parameters. This is
particularly true for coastal events and events located more than 10° from NNA or ZOBO since

there are certainly regional dipping layers and lateral thickness changes in the crust.

4.1 Sensitivity Tests

There are trade-offs between various model parameters such as crustal thickness and mean
velocity, so we investigated the resolution of various parameters with a series of synthetic tests.
Wé did numerous sensitivity studies to investigate the behavior of the regional wave propagation,
to look at trade-offs, and to ensure that the waveforms are sensitive to various parameters. We
also investigated the sensitivity of the synthetic seismograms for event—station geometries for
various crustal thicknesses. Fig. 4 shows the waveforms generated using a 40-, 50-, 60-, 70- and
80-km-thick crust for a regional distance event 277 km away, at a depth of 126 km, using an
average crustal velocity of 6.0 kms=1. As expected, as the thickness of the crust is increased, the
arrivals are more dispersed. The shape of the body-wave arrivals change and the amplitude of the
surface wave arrivals increase with increasing crustal thickness. These differc;,r—lces are large and
should be observed in the data unless the average crustal velocity changes laterally. We reduced
some of the trade-offs between crustal thickness and crustal velocity because we are utilized the
entire waveform.

The location of events in South America often have large uncertainties, so we tested the
effect of mislocations on the waveforms. Many of the events are located in the downgoing slab,
between 120 and 140 km depth. The synthetic seismograms are relatively unaffected for
mislocation errors of 10 km in depth. Shifts of greater than 10 km mostly affected the timing
and amplitude of the surface wave arrivals. Similar mislocation errors in latitude and longitude had
less affect on the synthetic waveform. The waveform was generally unchanged for changes of
120 km in distance from the station.

Next, the sensitivity of the waveform to the attenuation parameters was tested. The

synthetics are relatively insensitive to modestly varying values for Q, and Qp in the models, the

effect mostly seen in the amplitudes of the arrivals. These changes were minor for all ranges of




distance and depth; hence we cannot constrain attentuation models in this study, and we fixed the Q
values to those of Whitman er al. (1992).

The sensitivity of the Vp/Vs ratio was also investigated. Recently, Zandt et al. (1994)
found that the Vp/Vg ratio is'approximately 1.5-1.6 for a region in the southern Altiplano, just
south of our study region. We tested one of the events in the central Altiplano region to determine
if a lower Vp/Vg ratio was more appropriate. For a Vp/V; ratio of 1.5, the relative timing of the
arrivals was affected, which resu‘lted in a poor fit. The best fit for the event is achieved using a
ratio of 1.7. We used this value for our study. In general, we see no systematic evidence requiring
an unusually lowVp/Vs ratio.

We also investigated variations in mantle lid thickness to determine how sensitive the
waveforms are to uppermost mantle structure. We generated synthetic waveforms using two
models with no mantle lid, one with a half-space velocity of &= 7.9 kms-! and the other with a
half-space velocity of 8.2 kms~1. The difference in velocity structure mostly affected the timing of
the early arrivals and the shape of the waveform on the tangential component.—Fig. 5 shows the
resulting waveforms calculated using mantle lid thicknesses ranging from 20 to 100 km. The
presence of a lid affects the overall shape of the waveform and the timing of the body-wave arrivals
on the vertical and radial components. The surface waves are less sensitive to lid structure and
thickness. The tangential component is affected most as the lid thickness is varied (Fig. 5). As
seen in the changing shape of the waveforms, we should be able to determine if a mantle lid is
present. For most of the events, the lid appears to be within the range of 40-80 km thick. Similar
tests were run for each event using various mantle lid thicknesses, and the results for the best fit of
each event give an approximate thickness for the lid. However, the lid thickness is not well

resolved from these data.

5 RESULTS
We have grouped the events based on similar event—station paths. Ideally, similar event—
station paths would sample a relatively similar structure. The Peruvian Andes and Altiplano paths

to NNA and ZOBO, respectively, are the most uniform. Therefore, these paths give the most
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reliable average values for crustal thickness and crustal velocity. The transition paths discussed
below are clearly more complicated because they are sampling multiple tectonic terranes. The
transition path between the Peruvian Andes and the Altiplano probably has the largest lateral

variation in crustal structure.

5.1 Peruvian Andes

The five events shown in Fig. 6a were used to model the crustal and upper mantle structure
north of station NNA, beneath the Peruvian Andes. These events are all located within 3° of each
other and sample similar paths. A wide range of crustal thicknesses and velocities were tested in
order to determine a best fit between the data and synthetics. A two-layer crust, a mantle lid, and a
high-velocity subducting slab layer were used to model each of the events. The results of our grid
search are seen in Fig. 8, where the highest correlation coefficient indicates the best fit. For each
event, Table 4 lists the parameters for the best-fit model, and Fig. 7 shows the corresponding
waveform fits.

The two shallow events that occurred on 30 May 1990 are located 1 km apart at
approximately the same depth. The seismogram for the first and larger event (mp = 6.0) was
clipped after 30 s; therefore only the first 30 s of the P-wave arrival were modeled. For the second
30 May event (mp = 5.3), the entire waveform could be modeled. A good match was achieved for
both events using the same model with a 25-km-thick upper crust, a 20-km-thick lower crust, and
a 40-km-thick mantle lid underlain by a high-velocity mantle, representing the subducting Nazca
slab (Table 4). However, the P wave of the first event was matched slightly better with a 50-km-
thick crust, while the entire waveform of the second event was matched best using a 45-km-thick
crust. The 21 October 1990 event (220 km depth) followed a similar but longer path (Fig. 6a).
The best match was achieved using a 55-km-thick crust and a 40-km-thick upper mantle. The 4
May 1989 and 3 December 1989 events which are located farther east are matched using a 45-km-
thick crust.

The average parameters for the Peruvian Andes are as follows: an average crustal thickness

of 48 km and an average crustal velocity of 6.2 kms-1. There is no asthenospheric wedge for this
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area, due to the flat slab subduction from 8° to 13°S (Cahill & Isacks 1992); therefore we model a
40-km-thick upper mantle, underlain by the high-velocity subducting slab. Our data do not
preclude a mantle wedge in this region, but the waveform fits were improved slightly using our
model. A wide range of upper mantle values were tested, and the timing and amplitude of the
| surface waves are affected by changes in these parameters. However, the data are not as sensitive

/

to the upper mantle parameters as to the crustal structure. /

5.2 Transition South of NNA

The three events located south of NNA sample the transition zone between the flat and
steeply dipping slab between the Peruvian Andes and the Altiplano (Fig. 6b). These events sample
different regions from the coast to the Eastern Cordillera; hence, we would expect to find
differences in crustal thickness and different upper mantle structure due to the presence of the
asthenospheric wedge associated with the normal angle of subduction in this region. A two-layer
crust model with a 30- to 40-km-thick mantle lid underlain by a low-velocity zone was used to
model the events. The model parameters for the best fits of each event are in Ta&e 5.

For the 7 January 1990 event, which occurred near the coast, two maximums of the
correlation coefficients are seen, one for a 40-km-thick crust with a velocity of 6.1-6.15 km s-1
and the second for a 60-km-thick crust and a velocity of 6.4-6.5 kms-1. Since it is a shallow
coastal event, the 40-km-thick crust might be the more realistic; however, if the event was
mislocated and actually occurred farther inland, then the thicker crust would be more probable. A
thickness of 55 to 60 km and a velocity of 6.1~6.2 km s-! is found for the 4 November 1990
event, which is located at the western edge of the Altiplano. The 16 March 1989 event, located

beneath the Eastern Cordillera, is modeled with a 50-55 km crust and a crustal velocity of 6.05—

6.25 kms-1,

5.3 Transition Northwest of ZOBO
The 4 November 1990 event is an intermediate-depth event located beneath the boundary of

the Western Cordillera and Axial Valley, so the path samples mostly the Altiplano and Cordillera
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region (Fig. 9b). The best parameters are a 70- to 80-km-thick crust and a velocity of 5.91-5.95
kms-! (Table 7). The three events located northwest of ZOBO (Fig. 9b) are at distances of greater
than 10°. The closest event, 4 May 1989, shows a crustal thickness of 70 km and an average
velocity of 5.95 kms-! (Table 7). At 1200-1400 km from ZOBO, the 3 December 1989 and 20
April 1989 events both show crustal thicknesses of 65 km and an average crustal velocity of 6.2

km s-! (Table 7).

5.4 Northern Altiplano South of ZOBO

The group of events located south of ZOBO (Fig. 9a), all have paths principally within the
Altiplano and Western Cordillera. These six events are used to model the structure of the
Altiplano, where we expect the crust to be very thick. For these events, a three-layer crust was
used, with a 10-km-thick sedimentary layer with a P-wave velocity of 5.0 kms-!, in addition to
the two crustal layers. This value was obtained by taking the average of two sedimentary layer
velocities of 4.8 kms-! and 5.3 km -1, as estimated by Ocola & Meyer (1972) and Wigger
(1988). This “low-velocity layer” is supported by several other studies: (1;Using explosion
refraction data, Ocola, Myer & Aldrich (1971) found some evidence for a 7-km-thick layer of
material with a velocity of 4.5 km s-! for the Altiplano. (2) Ocola & Meyer (1973) propose 10 km
of sedimentary and metamorphic material under the Altiplano. (3) The sediments and Tertiary
volcanics near Lake Titicaca are proposed to be greater than 10 km thick (Newell 1949). (4) The
Tertiary sediments and volcanics are up to 10 km thick on the Altiplano (James 1971b). (5) The
Altiplano is proposed to have a maximum of 13-20 km of sedimentary cover thinning to 9 km on
the western edge of the Western Cordillera (Dorbath er al. 1993). Therefore, an average of 10 km
‘was used in this study for the Altiplano region, thinning away from the plateau. The addition of
this sedimentary layer greatly improved the fit as compared to a two-layer crust. The models also
include a mantle lid and low-velocity zone in the upper mantle. Table 6a shows the parameters for
the best fits of each event, and Fig. 10 shows the corresponding waveform fits.

For the three events closest to ZOBO (Fig. 9a), we obtained a 75- to 85-km-thick crust

with a velocity of 5.85-5.9 kms-! for the 17 May 1990 event, a 75-km-thick crust and a velocity
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of 5.85 kms-1 for the 9 May 1992 event, and a 65-km-thick crust and a 5.85 kms-! crustal
velocity for the 15 August 1990 event. The shallow 28 August 1990 event near the coast was
modeled with a 70-km-thick crust and a velocity of 5.95 kms-1, the 16 April 1992 event with a
65-km-thick crust and a crustal velocity of 5.85 km s-1, and the 27 January 1992 event with a 80-
to 85-km-thick crust and 5.85 km s-! velocity. The path for the 27 December 1990 event sampled
the thicker crust of the Altiplano as well as the thinner crust of the Coastal Range; hence, we are
only determining an average crustal thickness. The grid search results indicate a crustal thickness
of 65 km and an average crustal velocity of 6.05 kms~! for the 27 December 1990 event. Several
representative grid search results (Fig. 11) and the best average model values for all the events
(Table 6b) are compiled to obtain an average model for the Altiplano and Western Cordillera. The
average model has a 75-km-thick crust and an average crustal velocity of 5.9 km s-!, with a 40-

km-thick lid over a 50-km-thick low-velocity zone.

6 RECEIVER FUNCTION FOR LPAZ

An additional method of determining first-order discontinuities, such as the crust-mantle
boundary, is teleseismic receiver function énalysis using broadband seismic station seismograms
(Owens & Zandt 1985). The source effects are removed, and the P-to-S conversion isolated by
deconvolving the vertical component from the horizontals. The resultant receiver function is then
convolved with a Gaussian filter to remove the high frequencies to emphasize the long-period
signal. We stack receiver functions of similar azimuths to provide a single estimate of structure
(Owens, Zandt, & Taylor 1984) beneath LPAZ. We are primarily interested in P-to-S wave
conversions at major discontinuities such as the crust-mantle interface. The amplitude of the P-to-
S conversion is a function of the contrast in velocity across the interface; therefore it is less
sensitive to any smooth velocity variations with depth (Langston 1994). There is, of course, a
trade-off between depth of the layer interface and the average velocity of the layer (Ammon,
Randall, & Zandt 1990).

The new broadband seismic station LPAZ is located northeast of La Paz, Bolivia, in the

Eastern Cordillera. We computed two receiver function stacks using two teleseismic seismograms




14

from the NW azimuth to Guerrero, Mexico, and two events from the NE azimuth to the mid-
Atlantic Ridge (Fig. 12). The event parameters for these four events are in Table 8. These events
do not sample the same region as the regional waveforms; however, they should give a good
estimate of the crustal structure NE and NW of the station in the Eastern Cordillera.

For the NW stack, the P-to-S conversion is 7.6 s after the first P arrival (Fig. 12). We
computed synthetic receiver functions fixing the average crustal velocity to match the low velocities
seen in our reflectivity modeling. These data are matched with a three-layer model with a 54-km-
thick crust and an average crustal velocity of 6.1 kms-! (Table 9). On the NE stack the. P-to-S
conversion is at 7.3 s (Fig. 12), which is successfully modeled with a three-layer, 56-km-thick
crust and an average crustal velocity of 6.2 kms-! (Table 9). These crustal thicknesses of 54-56
km are nearly 20 km thinner than our results for the average crustal thickness of the Altiplano.
There is a direct trade-off between average crustal velocity and crustal thickness. If we use an
average crustal P-wave velocity of 6.5 km s-1, then the resultant crustal thickness would be 64 km.
In order to explain the P-to-S conversion with a 75-km-thick crust (similar to-the Altiplano), the
average crustal velocity would have to be greater than 7 km s-1, an unfealistically high value. This
suggests that the Eastern Cordillera crust is much thinner than that of the Altiplano even though, at

least locally, the elevation is higher in the Eastern Cordillera northeast of La Paz.

7 DISCUSSION

Our first-order results indicate an average crustal thickness of 45-50 km for the Peruvian
Andes, 60 km for the Peruvian segment of the Altiplano, and 75 km for the Altiplano in Bolivia,
with an average crustal velocity of 6.15 kms-1, 6.1 km s-1, and 6.0 km s-1, respectively (Fig. 13
and 14). Perhaps even more suprising is the large and rather sharp thinning of the crust beneath
the Eastern Cordillera near La Paz, Bolivia. The average crustal P-wave velocities are relatively
low and inconsistent with a large component of mafic lower crust. Our results also suggest a small
decrease in average crustal velocity from north to south. This could be due to the presence of a
thick sedimentary cover in the Altiplano region, or a change in the composition of the crust in each

area. All the data sets require a mantle lid; however, we cannot resolve any variations in mantle lid
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thickness along strike of the Andes. All areas can be effectively modeled with a 40- to 60-km-thick
mantle lid (Tables 4-7).

If the above resulits for the Northern Altiplano are representative of the entire plateau, then
these results can be used to constrain the mechanical and thermal models (Allmendinger 1986)
proposed for the uplift of plateaus and thickening of the crust. Underplating or magmatic addition
of mantle-derived mafic material to the lower crust has been proposed as,/;. primary heat source and
mechanism for thickening of the crust. The seismic signature of mantle derived melt emplaced in
the lower crust depends upon the composition of the existing lower crust (Furlong & Fbuntain
1986). If the existing crust is primarily mafic, then the seismic velocity for the new layer will be
similar to the original velocity despite the thickening of the crust. Furlong & Fountain (1986)
suggest that for any region, underplating of mafic material could add up to 10 km to the lower
crust, and the seismic velocity would reach 6.8-8.0 km s~! at depths of 45-65 km. Our results of
low average crustal velocities for the Aluplano suggest that underplating of mafic material is not a
significant mechanism for thickening of the crust. -

The importance of magmatic addition from the mantle to the crust is more difficult to
evaluate. Baker & Francis (1978) propose a 10:1 ratio for intrusive to extrusive volumes in the
Andes; however, they state that this would imply a very high rate of magmatic addition if the
plateau was uplifted in the Cenozoic. Isacks (1988) estimates 0.3 km of extrusive material on the
top of the plateau in Bolivia and Chile. James (1971b) proposed magmatic addition as the major
component for plateau uplift and thickening of the crust, due to migration of magmatism from west
to east. Kono, Fukao & Yamamoto (1989) proposed that magmatic addition predominates in the
western part of the Altiplano. For the crust to reach the thickness of 65 km as proposed by Kono,
Fukao & Yamamoto (1989), 15 percent of the mantle wedge must be melted for the necessary
amount of magma addition. This implies a very high rate of magma generation of 0.14 km?3 yr-!
for the area. We would expect that this high amount of magmatic addition would also imply high
lower crust velocities, which wdhild increase the average crustal velocities for the Western

Cordillera and the Altiplano. The results from this study suggest low average crustal velocities,
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with lower crustal velocities of 6.3-6.5 km s-1. These low crustal velocities imply that the crust
does not contain large volumes of mafic magma.

However, the amount of mafic material in the lower crust beneath the Altiplano is still
unknown. In the region of the western volcanic arc, where our data sample the crust, most of the
active and recent volcanism consists of andesites and dacites, with limited mafic material (De Silva
& Francis 1991). While magma addition is present to some degree beneath the Altiplano and
Western Cordillera, our results do not support the hypothesis that it is the primary mechanism for
thickening of the crust.

Froidevaux & Isacks (1985), Isacks (1988), and Whitman er al. (1992) all propose
lithospheric thinning as a component for uplift of the plateau, primarily in the southern Puna
Plateau. The existence of a thin mantle lid implies that elevation is supported by thermal thinning
of the lithosphere, whereas a thick lid implies support due to crustal thickening (Whitman e al.
1992). Studying the Q structure of the mantle, Whitman et al. (1992) have determined that the
lithosphere beneath the Puna has been considerably thinned as compared to the morthern Altiplano.
Froidevaux & Isacks (1984) state that thermally supported topography requires an asthenospheric
root of thickness H = (p./Apia)h, where h is the elevation of topography, p, is the density of the
crust, and Apy, is the density difference between the lithosphere and asthenosphere. It is assumed
that the region is in isostatic equilibrium and that the weight of the topography and the buoyancy of
the light root are equal (Froidevaux & Isacks 1984). For average density values, H = 45h, so for a
normal mantle lithospheric thickness of 90 km, only 2 km of elevation could be supported
(Froidevaux & Ricard 1987). Our results indicate the presence of a mantle lid, possibly thinner
than 90 km, which would support even less elevation. This suggests that some other mechanism
is responsible for at least part of the uplift of the Plateau. This other mechanism for uplift is
crustal thickening by crustal shortening rather than magmatic addition from the mantle.

Various estimates of crustal shortening have been determined for the Altiplano and Eastern
Cordillera. At 18°S, assuming a crustal thickness of 70 km for the Altiplano, thinning to 40 km in

the east, Sheffels (1990) has found a lower bound of 210 km of shortening. Using the velocity




17

model of Wigger et al. (1993), Schmitz (1994) used a forward-modeling technique to create a
balanced cross section at 21°S. His results show 320 km of shortening using an initial crustal
thickness of 30-40 km; this would suggest that 20% of the volume beneath the Altiplano was
derived from other means. All of these shortening estimates suggest that the crust beneath the
Andes could be sufficiently thickened without extensive magmatic addition. Our low average

crustal velocities are most consistent with large amounts of crustal shortening.

8 CONCLUSIONS

We have provided constraints on the average crustal thickness, average crustal velocity,
and, to a lesser extent, the mantle lid structure from modeling regional seismograms sampling the
Central Andes. The Peruvian Andes have an average crustal thickness of 48 km and an average
crustal velocity of 6.2 km s~1. The transition region from 12° to 16°S, where the Aldplano is
narrow, has an average crustal thickness of 62 km with an average crustal velocity of 6.1 km s-1.
The crust thickens southward on the Altiplano Plateau, where it reaches a thickness of 75 km
between 16° to 21°S with an average crustal velocity of 5.95 km s~1. The East;n Cordillera near
La Paz, Bolivia, is consistent with a crustal thickness of ~55 km assuming an average P-wave
velocity of 6.1 km s=!. This is a remarkably sharp transition from 75-km-thick crust on the
Altiplano to 55-km-thick crust in the Eastern Cordillera, at least locally (Fig. 14).

If our Altiplano values are representative of the entire Plateau, then the low average crustal
velocities for the Altiplano region suggest a limited amount of magmatic addition from the mantle
for the Plateau. These low crustal velocities are more consistent with distributed shortening within
the crust. The results for the upper mantle beneath the Peruvian Andes and the Altiplano weakly
suggest that there is a mantle lid, though not well defined. This implies that the asthenosphere does
not lie directly below the crust, which suggests that the Plateau is primarily being supported by a
crustal or lithospheric root rather than a thermal one. Hence, crustal shortening and/or
underthrusting of the Brazilian craton may the primary mechanisms for the thickening of the crust

and uplift of the Altiplano Plateau.
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Figure captions

Figure 1. A map of the Central Andes of South America showing the Altiplano-Puna Plateau
(from 14° to 30°S) which has a mean elevation of nearly 4 km. The black dots represent the
locations of the events used in this study. The white squares represent the locations of seismic

stations NNA and ZOBO. The gray triangle shows the location of the new digital station LPAZ.

Figure 2. A map showing the tectonic regions of the Central Andes. The stippled region
represents the Atiplano—Puna Plateau. Also shown is the location of the seismic stations ZOBO

and LPAZ. The inset box shows the location in South America.

Figure 3. (a) An Example of data from the 30 May 1990 event recorded at the broadband station
NNA, bandpass filtered from 20 to 100 s. (b) An example of data from the 28 August 1990 event
recorded at the long-period station ZOBO, also filtered from 20 to 100 s. The traces are plotted as

vertical, radial and tangential components. -

Figure 4. Comparison of vertical and tangential component waveforms computed with crustal
thicknesses between 40 and 80 km, for an event at a depth of 126 km. Note the significant shift of

the surface wave arrivals with increasing crustal thickness.

Figure 5. Comparison of waveforms computed with various mantle lid thicknesses. The top set
of waveforms are computed with no mantle lid (half-space only). The bottom set of waveforms
are computed for mantle lid thicknesses from 20 to 100 km. The tangential component shows the

most sensitive to mantle lid thickness.

Figure 6. (a) Locations of events 1 and 2 of 30 May 1990 and events of 21 October 1990, 4

May 1989, and 3 December 1989 recorded at NNA. These events were used to model the structure
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beneath the Peruvian Andes. (b) Locations of the 7 January 1990, 4 November 1990, and 16
March 1989 events recorded at NNA. These events were used to model the structure beneath the

transition from the Peruvian Andes to the Altiplano.

Figure 7. comparison of waveform fits between the data (solid line) and synthetics (dashed line)
for the events shown in Fig. 6(a). Both data and synthetics are bandpass filtered at 20 to 100 s.
The model parameters used for each fit are shown in Table 4. The tangential component of the 30

May 1990 was not used since the record is clipped.

Figure 8. Comparison of the correlation coefficient between the data and synthetics from our
grid search for the 21 October 1990, 3 December 1989, 4 May 1989, and 30 May 1990 events
recorded at seismic station NNA. The best fit model parameters for average crustal thickness and
average crustal velocity are shown by the highest values. A perfect fit has a value of 1.

Figure 9. (a) Location of the events on 17 May 1990, 9 May 1992, 28 August 1990, 15 August
1990, 16 April 1992, 27 December 1990, and 27 January 1992 recorded at station ZOBO. These
events are used to model the structure beneath the Altiplano and Western Cordillera region in
Bolivia. Model parameters are shown in Table 6(a). (b) Location of events on 4 May 1989, 3
December 1989, 4 November 1990, and 20 April 1989 events recorded at ZOBO and used to

model the region northwest of ZOBO. The model parameters are shown in Table 7.

Figure 10. Comparison of waveform fits between the data (solid line) and synthetics (dashed
line) for the events shown in Fig. 9(a). Both data and synthetics are bandpass filtered at 20 to 100

s. The model parameters used for each fit are seen in Table 6(a).

Figure 11. Comparison of the correlation coefficient between the data and synthetics from our

grid search for the 28 August 1990, 27 January 1992, 17 May 1990, and 9 May 1992 events
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recorded at seismic station ZOBO. The best fit model parameters of average crustal thickness and

average crustal velocity are shown by the highest values. A perfect fit has a value of 1.

Figure 12. (a) Plot of the radial and tangential components for each receiver function stack. The
NW stack is for two events near Chiapas and Guerrero, Mexico, and_,the NE stack is for two
events along the central Mid-Atlantic Ridge (Table §). The peaks on the,éadial components that are
above the level of the tangential component are considered reliable arrivals to model. (a)
Comparison of the receiver function data stack and the synthetic for events from the NW énd NE
azimuths. For the NW stack the P-to-S conversion from the Moho occurs at 7.6 s after the P-

wave arrival and for the NE stack the Moho conversion occurs at 7.3 s.

Figure 13. Average crustal thicknesses for each path determined from modeling regional

waveforms recorded at stations NNA and ZOBO.

Figure 14. Composite crustal thickness estimates and corresponding average crustal velocities
for the Peruvian Andes, transition region, and the Altiplano. Also shown is the average crustal

thicknesses and velocities for the receiver function analysis done for LPAZ.




Table 1: Parameters for events recorded at NNA

EVENT TIME LAT LON DEPTH mb Mo STRIKE DIP RAKE

mm/dd/yy hh:mm:ss  (S) (W) km dyne-cm (0) (o) (o)
3/16/89 17:12:21.1 16.86 6493 354 5.1 8.8lE+23 171 9 127
5/4/89 10:30:06.6 6.66  75.79  36.3 5.6 6.00E+23 130 35 66
12/3/89 14:16:48.8 7.64 7453 1509 59 7.30E+25 192 40 -70
1/7/90 09:06:43.3 1591 7428 30.2 59 1.85E+24 161 52 140
5/30/90 02:34:07.0 6.01 77.229 232 6 7.65E+25 188 24 122
5/30/90 16:49:28.2 6.02 77.127 23.1 5.3 3.36E+24 169 29 130

10/21/90 15:10:43.6 4.01  77.31 108.1 57 151E+24 354 32 -69
11/4/90 18:13:42.4 1570  72.7 140.5 54 4.92E+24 278 51 42

Table 2: Parameters for events recorded at ZOBO
EVENT TIME LAT LON DEPTH mb Mo STRIKE DIP RAKE
mm/dd/yy hh:mm:ss  (S) (W) km dyne-cm (0) (o) (0)
4/20/89 08:08:51.2 9.20  79.04 63.1 5.7 3.11E+24 335 40 -84
. 5/4/89 18:32:559 13.02 76.17 84 5.3 5.42E+23 172 21 103
12/3/89 14:16:48.8 7.64  74.53 150.9 5.9 7.30E+25 192 40 -70
5/17/90 11:03:24.6 18.08 69.135 126.2 5.4 4.98E+24 190 14 -52
8/15/90 13:23:36.3 18.83 69.09 136.5 5.1 1.09E+24 215 32 43
8/28/90 08:58:06.6 19.83 70.09  65.1 5.2 9.00E+23 334 45 -88
11/4/90 18:13:42.4 15.70  72.7 140.5 5.4 492E+24 278 51 42
12/27/90 16:08:34.8 22.77 704 63.9 5.2 1.82E+24 229 20 -50
1/27/92 09:52:58.5 21.49 68 1456 5 4.85E+24 2 46 -108
4/16/92 18:33:04.6 20.11  68.53 130.1 5.6 5.48E+24 207 28 -37
5/9/92 (00:20:55.9 18.34 69.34 130.3 54 8.39E+23 214 18 -9




TABLE 3. Model parameters

phase velocity window  1.69492
slowness window 0.01
frequency window 0
Nyquest frequency 1 Hz

1.78571
0.025
1Hz

40 100
04 05




Table 4. Model parameters for events used to model the Peruvian Andes

event  distance depth event  distance depth event  distance depth
10/21/90 883.8 km 108.1 km 5/30/90. 1 661.83km 23.2 km 5/30/90.2 660.95 km 23.1 km
th(km) a(km/s) b(km/s) r(kg/m3) [th(km) « B p th(km) o B p

25 6.1 347 272 25 6.1 347 272 25 6.1 3474 2772
55 6.3 3.588 2.82 45 6.4 3.64 282 50 6.4 3.645 2.82
85 8 449 33 85 8.1 4.6 3.3 90 8.1 4.5 33
175 8.2 4.6 3.22 175 8.2 461 322 180 8.2 4615 322
235 8.3 4.659 332 235 8.21 4615 332 240 3.21 4615 3.32
0 8.4 471 335 0 8.4 471 335 0 8.4 471 335
event  distance depth event distance depth Average for Peruvian Andes
5/4/89  600.5 km 36.3 km 12/3/89  543.63km 150.9 km

th (km) « B p th(km) « B p th(km) « B p

25 6.1 347 272 20 5.8 33 2.72 24 6.04 343 272
45 6.3 3.64 282 45 6.2 353 282 48 6.32 3.65 2.82
35 8.1 4.5 33 85 8.1 4602 33 86 8.08 465 33
175 8.2 4615 3.22 175 8.2 4615 3.22 176 8.2 4.623 3.22
235 8.2 461 332 235 8.21 4615 332 236 8.23 4.659 332
0 8.4 471 34 0 8.4 471 335 0 8.4 471 335

Table 5. Model parameters for events used to model south of NNA

ecvent  distance depth event distance decpth

1/790 514.7 km 30.2 km 117400  607.6km  140.5 km
th(km) a(km/s) b (km/s) r(kg/m3) th (km) a B p
1 5 2847 25 20 6.1 347 2.72
27 6.2 353 272 60 6.3 364 282
60 6.8 3.872 282 100 8.1 4.6 33
90 3.1 4.546 3.3 130 1.75 447 322
120 7.9 4434 322 200 8.2 461 332
190 8.4 471 332 0 8.4 4.7 3.34
0 8.6 4.827 335

event  distance depth

3/16/89 1388 km 35.5 km
th(km) « B P

20 5.8 33 2.72
50 6.2 353 282
90 8.1 4546 3.3
130 7.55 4237 322
200 3.4 471 332
0 8.6 4827 335




Table 6A. Model parameters for the events used to model the Altiplano and Western Cordillera

event  distance deoth event  distance depth event  distance depth
5/17/90 276.9 km 126.2 km 5/9/92  267.8 km 130.2 km 8/15/90 311.1km 136.5 km
th(km) a(kmvs) bikmvs) r(kgmd) [thkm) « 8 p thkm) o B p

10 5 2847 252 10 5 2847 252 10 5 2.847 252
47 5.8 3.3 2.72 40 58 3.3 2.72 40 5.8 33 272
80 6.2 353 2.82 75 6.2 353 2.82 75 6.2 353 282
130 8 4.49 3.3 125 8 449 33 125 8 449 33
180 7.55 4.23 3.22 175 7.55 4237 322 175 7.55 7.238 3.22
250 8.4 4.71 3.32 245 8.4 4.71 332 245 8.4 /" 471 332
0 8.6 4.88 3.34 0 8.6 4827 335 0 8.7 488 334
event  distance depth event distance depth event  distance depth

5/4/89  600.5 km 36.3 km 12/3/89 543.6 km 150.9 km 8/28/90 445.6km 65.1 km
th(km) @ B P thkm « p p th(km) a B p

10 5 2847  2.52 10 5 2.847 252 10 5 2.847 252
35 5.8 33 2.72 30 58 33 272 40 5.8 33 272
70 6.5 3702 2.82 65 6.2 3.53 2.82 80 6.2 353 282
110 8.2 4.6 33 95 8.1 4546 33 110 8.1 4546 33
160 1.55 4237 322 145 7.55 4.237  3.22 160 7.55 4237 322
230 8.4 4.71 3.32 215 8.4 4.71 332 230 8.4 4.71 3.32
0 8.7 4.38 3.4 0 8.7 4.88 3.4 0 8.6 4.827 3.35

cvent

distance depth

12/27/90 758.08 ka 63.9 km

th (km)
20

65
105
155
235

0

a B p
5.8 3.3 2.72

6.2 3.53 2.82
8.2 4649 33

7.55 4238 322
84 4.65 3.32
8.6 4.75 3.34

Table 6b. Average valucs tor Aluplano

th a 8 p

10 5 2.847 2.52
39 5.8 33 2.72
75 6.3 3.588 2.82
117 8.06 452 33
167 7.55 4237 322
237 8.4 4.71 3.32
0 8.65 4.85 IH




Table 7. Model parameters for events northwest of ZOBO

event distance depth

event distance depth

5/4/89 938.13 ki 84 km

12/3/89 1182 km 150.9 km

th (km) a (km/s) b (km/s,r (kg/m3)

5 5 2.847
40 5.8 33
70 6.4 3.643
110 8.1 4.546
160 7.55 4.237
230 84 471
0 8.6 4.827

2.52
2.72
2.82
3.3

3.22
3.32
34

th o B p

2 5 2.847 25
30 6 3359 272
65 6.3 3.588 2.82
105 8.1 4546 3.3
155 7.55 4237 322
225 8.4 4.65 3.32

0 8.6 4827 334

event distance depth

event distance depth

4/20/89 1419.4 k1 63.1 km

11/4/90 493.73 kn 140.5 km

th a B
2 5 2.847
30 6 3.359

65 6.4 3.645
105 8.1 4.546
155 7.55 4.237
225 8.4 4.65

0 8.6 4.827

p
2.5
272
2.82
33
3.22
3.32
3.34

th o B p

5 5 2.847 252
40 5.8 33 2.72
75 6.2 3.53 2.82
115 8.1 4546 3.3
165 7.55 4237 322
245 8.4 471 3.32

0 8.6 4.88 3.34




Table 8. Teleseimic event parameters used in receiver function stacks

date lat lon mag depth dist baz
(mrn/dd/yy) (degrees) (degrees) mb (km) (km) (degrees)
9/19/93 143N 93.2W 6.1 33 4364.1 319.47
9/20/93 09N 294W 5.9 10 4659.8 69.621
10/24/93 16.8 N 98.6 W 6.5 33 4957.5 316.17
3/14/94 14N 240W 6.3 10 5228.6 72.2
Table 9. Model parameters used to model the NW and NE stacks
NW stack model NE stack model
th o B p th o B p
(km) (km/s) (km/s) (kg/m3)  |(km) (km/s) (km/s) (kg/m3)
3 5 2.847 2.52 . 8 5 2.847 2.52
26 6 3.53 2.72 31 6 3.53 2.72
54 6.3 3.64 2.82 56 6.3 3.64 2.82
114 8.1 4.65 3.3 96 8.1 4.65 3.3
154 7.55 4.327 3.22 136 7.55 4327 3.22
0 8.3 0 8.3 4.659 3.32

4.659 3.32
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Chapter 3

_ Using a Single Broadband Seismic Station as a Seismic Observatory

SUMMARY

Small earthquakes and mining explosions are often recorded at a limited number of seismic
stations located at regional distances. This means that stations need to be treated as individual
seismic observatories. In September 1993, a strong earthquake swarm began in northern Sonora,
Mexico. This protracted seismic sequence was well recorded only on a single broadband
station(TUC), approximately 300 km away. The nine largest magnitude events of the sequence are
as follows: October 5 (M, 4.0), October 8 (M, 2.5), October 10 (M, 3.3), October 19 (M, 3.2).
October 230 (M, 2.8), M, 3.5), October 26 (M, 2.8) and October 31 (M 3.7). The events were
located with single-station procedures that utilize the entire broadband waveform. Larger events
(My, > 3.5) were located with a sequential method that determines azimuth to the event, epicentral .
distance, and focal depth. A relative location technique was used to locate smaller (M; < 3.5)

events of the swarm, using a master event.

The epicentral region of the swarm lies within the southernmost extent of the Basin and
Range Province. The individual events of the swarm are approximately equidistant to the TUC
station (300) km) but are scattered over an east—west trend 30 km long. A focal mechanism for the
largest event was obtained by performing a grid search and appears to be dominantly normal-slip.
This is consistent with the local tectonic setting. The resolution of the locating techniques was
assessed by locating several aftershocks of the January 17, 1994 Northridge earthquake. Station
Barett (BAR), with an epicenter distance of approximately 264 km, was used to locate several

aftershocks well located by SCSN. A resolution of £20 km was inferred from this test.




Introduction

An onset of increased seismicity in Sonora, Mexico in the later half of 1993 was
recorded at the Southern Arizona Seismic Observatory (SASO). This activity reached
its peak in October 1993, although it continues today. The largest events in the Sonoran
earthquake swarm are: September 11 (Mg, 2.8), October 5 (My, 4), October 8 (M, 2.5),
October 10 (M}, 3.3), October 19 (M 3.2), October 20 (Mg, 2.8), (M[ 3.5), October
26 (Mg, 2.8) and October 31 (Mg, 3.7). Events of October 5, October 20, and October
31, 1993, (ML > 3.5) triggered the regional network; the epicentral coordinates for
these events were calculated by NEIC. The broadband waveforms for the events were
available from IRIS stations TUC and ANMO. The events of October 8, October 10,
October 19, October 20, and October 26 with magnitudes My, < 3.5 were only recorded
at TUC. Events of this size typically are not well located within areas with the sparse
seismic network coverage. Using single-station data and a relative location technique,
the coordinates of the smaller magnitude events of the swarm were determined.

The task of obtaining seismic sourcé parameters for regional distance events
consists of: a) epicentral coordinates determination from polarization analysis, and b)
focal mechanism determination from a waveform inversion. This two-part problem has
been addressed previously in the literature [Magotra et al., 1987; Thurber et al., 1989],
although recent advances in instrumentation, in particular, frequency bandwidth, hold
great promise for using single stations to extract detailed seismic source parameters.

The October 1993 activity provides a very good opportunity to test procedures
for source location and analysis using a single broadband seismic station. The method
we developed and used, allowed us to locate smaller magnitude events with respect to
a larger master event where epicentral coordinates are assumed known. The method
involves an assessment of the relative azimuth and relative distance to an event and

focal mechanism determination from band-passed data.




~ Geological Setting and Seismicity

The epicentral region of the swarm lies within the southernmost extent of the Basin
and Range province, in Northern Sonora, Mexico in the vicinity of the towns of Bacerac,
Huachineras, Huasabas, and Granados. Figure 1 shows the location of the events on a
simplified regional tectonic map. The region is located within a large extension zone
and has a number of normal faults thought to be active in the Quaternary (Figure 1).
Figure 2 shows local topography and locations of the October 1993 events.

Northern Sonora generally has a low level of seismicity. However, the earthquakes
of 1887 (the great Sonoran M = 7.8) that ruptured the Pitaycachi fault, and one in
1924 that occurred along the Bavispe fault, caused significant damage. Recent activity
in the region around Bavispe in June 1988, May 1989, and June 1989 has been described
[Wallace et al. 1988, Wallace and Pearthree 1989]. These were four small earthquakes
(magnitudes of 4.2, 3.4, 2.4, and 2.8) that caused no damage and occurred over a period
of two years. These events were associated with faulting in vicinity of southern part of
San Bernardino Valley (northern segment) and northern part of Bavispe and El Tigre
Valley junction (southern segment). It has been suggested [Wallace and Pearthree 1989]
that there is a significant “slip-deficit” from the 1887 event along the southern segment,
although the fault segments may be independent.

Beginning in October 1993, we noted a marked increase of seismicity in the region.
The felt reports that followed the events, varied. Some claimed that events were not
noticed at all, in some cases vibrations of the windows are mentioned, along with a
sound of “air through a hall”. During one event, plates slid in a student dining room.
The event of October 5, 1993 is said to have caused cracks in a wall. No significant

damage, however, was reported '. The monthly average is one event every four days -

1The felt reports are based on reports in the newspaper El Imparcial, October 21,

1993.




the highest level of seismicity experienced in recorded history (since the mid 1920s) in

this region of Sonora.

Data and Hypocenter Location

The installation of very broadband seismic stations has genera,ted interest in using
single station as “seismic observatories”. The task of source location with a single .
station, or a sparse network, is especially interesting and important in the case of
low-magnitude events (M < 4). The larger magnitude events of the October 1993
swarm, namely October 5, October 20, and October 31 were separated by a sequence
of smaller magnitude events. Figure 3 shows vertical components of the individual
earthquakes of the swarm recorded at TUC. The magnitudes of the events were
estimated to be: October 5 (M, 4), October 8 (M, 2.5), October 10 (M}, 3.3), October
19 (My, 3.2), October 20 (M 2.8), (ML, 3.5), October 26 (M 2.8), and October 31 (M
3.7). Magnitude values were calculated at Tucson (TUC) approximately 300 km away.
The larger magnitude earthquakes (Figure 3a) triggered the USNSN regional network
and their coordinates were calculated by National Earthquake Information Center
(NEIC) with a standard triangulation method. The smaller events (Figure 3b), however,
were not located. The epicentral coordinates of the weaker events were obtained by
means of a relative location method, used by Southern Arizona Seismic Observatory
(SASO). The method is a three-step procedure: (1) azimuth determination, (2) distance
determination, and (3) focal mechanism and depth determination. The procedure
requires a pair of events. One is a reference, or master event, and the epicenter of the

other event is determined relative to the master event.

Azimuth Determination

The method for determination of the horizontal angle or azimuth to the source of

seismic energy is based on methodology introduced by Magotra et al. [1987], where a




vector of ground displacement is determined from a three-component waveform polarity
analysis. It is well known that in heterogeneous media the azimuth of an arriving
wave does not always coincide with an expected direction. However, for events that
are sufficiently close to one another, the difference in the azimuth will be preserved.
The waveforms of the reference and tested events are analyzed with a standard polarity
method to assess values of the instantaneous azimuth as a function of time. The values
of the residual azimuth, or difference between azimuth to the master event, is calculated
for all events in the swarm. Figure 4 shows an example of the azimuth determination
for one of the events. Shown are the values of instantaneous azimuth averaged over the
time windows as a function of time. The statistical estimates of the mean and standard

deviation allow a “pick” of the best value of the azimuth.

Distance Determination

Distance determination at regional distances has traditionally been a difficult task.
Arrival times of individual phases are difficult to pick, and further, show variability
due to heterogeneity in the earth, and are quite dependent on source orientation.

We have developed a procedure which correlates the entire shape of a broadband
waveform with distance; an envelope function which depends on the strength of regional
phases such as P,, P,, L,, and R, is compared to a catalogue of synthetic envelopes
calculated for a regional structure. The “best” distance is determined by maximizing
the cross-correlation between synthetics and observed data. We have found that this
procedure removes much of the ambiguity in picking arrival times. Further, envelope
functions are much less sensitive to actual source mechanism than direct synthetics.

In a multi-layered medium there are a variety of seismic phases that have lower
amplitudes individually, but collectively interfere and make it difficult to pick the
onset of specific arrival. It has been noted [Wallace 1986], that at regional distances a

simplified model, that averages crustal velocities, is representative enough for purposes




of source parameter inversion and distance determination. Relative timing of the F,, S,
and L, phases appears to be a function of the average crustal velocity. Two events that
have similar epicentral distances will have similar timing of the P,, S, and L, phases.
An increase or decrease of relative timing between the corresponding Py, S; and L,
phases is indicative of the increase or decrease in distance from the epicenter. Using the
fact that relative timing of the phases is a pseudo-linear function of distance, one can
assess its value with respect to a master event, the coordinates and epicentral distance
of which are known. Within the framework of the task of obtaining relative coordinates
of the tested events from the waveforms of the reference earthquakes, we have found our
approximation to be adequate.

Generally, two different focal mechanisms produce different relative amplitudes for
various regional distance phases. Although the timing is independent of mechanism, the
influence of source mechanism makes it impossible to directly compare observations to
a catalogue of synthetics. B

We attempt to minimize the amplitude variability by constructing a vector
describing the total displacement. We then use the time dependent “length” of this

vector as an envelope. In other words, we take the sum of the squares of the amplitudes

of the various components as follows:

X(t) = \/3(t) + 3(t) + 23(2) (1)

The new time series X(t) represents all three components. Then we obtain the envelope
of the X(t) and all further analysis is performed on it. An important quality of the X(t)
is that it has multiple distinct maxima, corresponding to arrival of the various regional
phases. The separation of these phases is related to a distance that seismic wave travels
away from the source.

For the Sonoran earthquakes we assumed a simple model - one layer over a half

space. The layer velocity was assumed to be an average velocity of typical three-layered




continental crust. This simplification was based on practical reasons, as well as some
useful approximations [ Wallace 1986]. Crustal heterogeneity requires the use of the
azimuth to the seismic source before estimating the distance to the event. The structure
used for these events is based on a model for Southern Arizona introduced in a thesis

by Hiller [1989]. The minimized misfit is given by the maximized value of coefficient of

correlation;
N
Y [digym]
. 1=0
= = 2
3,13 I
with

b =1=¢;

¢; and &; are the correlation coefficient and misfit, respectively, over the time interval
J; d represents N discrete values of envelope in the interval j; m represents N discrete
values of synthetic envelope of the same interval. -

The distance determination for the individual events of the seismic swarm was
conducted with a relative location technique. The earthquake of October 31, 1993 was
chosen as a reference event, and the other events were treated as earthquakes with
unknown epicentral coordinates. It appeared that all of the events had approximately

the same epicentral distance. Figure 5 shows that relative timing between the P, and

Sy, L, phases is very similar which implies similarity in epicentral distance.

Focal Mechanism and Depth Determination

Once the epicentral coordinates are determined, we can solve for seismic moment
tensor. This procedure is based on methodology developed by Fan and Wallace [1991]
and by Walter [1993] for regional waveforms, where a catalog of Green’s functions
representing the individual moment tensor terms is used. Each Green’s function is a

numerical representation of a double-couple force in a particular orientation. A linear




combination of Green’s functions represents the elastic response of a point source or
arbitrary fault geometry. This can be written as a linear equation for source parameters
m:

Am=d (3)
where A is a linear combination of Green’s functions, d is observed/ data vector and m
is vector containing the moment tensor elements. However, instead of constructing an
inverse operator and using it to assess model parameters by applying it to the vector of
observed data, we used grid search to obtain best fitting moment tensor. The minimum
value of the L, norm, the difference synthetic minus observed data, was used as a

criteria for the search:

N

\ Z(di - ai)2

p=11d = alle = =g 4)

where p represents misfit, d; is an observed data series and a; is the synthetic time

series.
The depth of the event has been determined by considering sets of Green’s functions
calculated for a number of focal depths. The “best” depth was chosen, for the lowest

value of misfit between observed data and the model given by the equation (4).

Resolution Assessment

To assess the resolution of the single station methodology, we decided to locate a
number of aftershocks of the January 1994, Northridge earthquake. The event is one best
recorded in the history with the broadband recordings at TERRAscope and the various
short-period networks in Southern California. Good spatial and azimuthal coverage
of the region with Southern California Seismic Network gave a number of aftershocks
which are located with a high degree of confidence. Records from seismic station Barett

(BAR) were chosen for analysis. The reason for the choice was based on similarity of

\




10

the epicentral distances with events of the Sonoran seismic swarm of October 1993. The
aftershocks that are being considered and the corresponding magnitudes are as follows:
January 17, 23:33:30.31 M = 5.6, 23:40:52.93 My = 3.2, 23:49:25.08 M|, = 4.0; January
18, 04:01:26.73 My = 4.3, 15:19:54.10 My = 3.9, 15:23:46.88 M = 4.8; and January 19,
04:40:47.99 My, = 4.3, |

The implications of the resolution analysis to our task of locating smaller events
of the October 1993 seismic swarm are as follows: even though, the relative timing of
the P,, S, and L, phases of different events of the swarm (Figure 5) implies that events
are equidistant to the station TUC, we do allow small errors in distance determination.
We also think that we see insignificant localized event scattering off the azimuth due to
near source effect. The topography of the area where we predict event locations (Figure
2) shows that this events are localized around some structural form of Basin and Range
type. This implies that our results are in agreement with local geology. In the light
of this comments we do not dissmiss the posibility of the October 1993 seismic swarm
to be more localized that we are predicting, however, wave forms for all of the events
appear to have very distinct “signatures”. This implies change in focal mechanism or
location of each events.

The epicentral coordinates were our main concern in this test. The result of the
test showed reasonable resolution of the method with an exception of one event where
the mislocation was of the order of 20 km. This value was taken as the resolution of
the method of relative source location. Figure 7 shows the epicenters located with our
method and locations determined by the TERRAscope network. Table 1 presents these

results.

Discussion

Small earthquakes are often recorded by a single stations, which greatly limits their

analysis. We have developed a relative location procedure where an earthquake with an




11

established epicentral coordinate is used as reference events to locate smaller magnitude
ones. The results of analysis of the sonorian swarm had a grouping of epicenters,
consistent with the general east-northeast trend (determined by NEIC) of the strongest
events of the swarm, and somewhat consistent with the available felt reports. We
also conducted a test on well-located aftershocks of the January 17, 1994 Northridge
earthquake, which allowed us to obtain resolving capabilities of the method. The value
of £ 20 km was assumed to be the resolution of the method for relative epicentral

- location. This value was taken into account in determining the tectonic implications of
the swarm. The tectonic setting in Northern Mexico is somewhat complicated. There
are a number of normal fault segments that are not connected and, in spite of the
generic north-northwest orientation, are not colinear. The focal mechanism for the
largest event was obtained through grid-search and moment tensor inversion procedures.
The solutions showed consistent P axis, and variable T axis. The prefered-mechanism is
strike = 204.5, dip = 58.6, and slip = -51.9.

The normal-slip mechanism is consistent with the general tectonic setting, although
the relationship to the Bavispe faulting is uncertain. The intensity of the swarm is
very unusual for the southern Basin and Range, where earthquakes seldom have any
aftershocks. Since 1987, northern Sonora area has experienced a number of similar
magnitude (M < 4.2) events, however, this swarm represents the most concentrated
release of seismic energy in the area to date. At this stage it is difficult to assess level
of potential hazard associated with seismic activity in the region. If the seismicity is
associated with a southern extension at the Pitaycachi fault, which did not experienced
as much slip as the northern segment during the earthquake 1887, then a moderate size

earthquake (> 5.0) may occur to accomodate the associated strain.
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Table 1. Resolution Assesement

Relative Location SCSN Errors
Event  Lon. Lat. Lon. Lat. §éLat.° §Lon.° & Dist. (km)
1 241.31 34.38 241.31 34.38 0.0 0.0 0.0
2 241.37 34.38 241.32 34.34 0.02 0.040 — 3.5
3 241.39 34.39 241.37  34.34 0.02 0.050 5.5
4 241.38 34.38 24141 34.21 -0.03 0.170 18.0
5 241.50 34.43 241.45 34.39 0.05 0.040 6.5
6 241.49 34.41 241.45 34.40 0.04 0.010 4.0

Coordinates of the events as determined by relative location method and SCSN
locations. The estimates of errors are given in degrees of latitude, longitude and

in km.
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Figure 1. Events of the October 1994 swarm overlaying a simplified tectonic map of
Mexico. The events of the swarm are marked with stars. One can see general cast -
northeast trend of the events. The 1887 Great Sonoran Earthquake is represented by a

star north of the swarm. The cities mentioned in the text are marked with black circle:s.
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Figure 2. This close up of the regional topo map shows the locations of the individual
events of the October 1993 seismic swarm in northern Mexico. Seismic events are
represented with triangles. The associated number corresponds to the day the earthquake
occurred. Locations of the reference earthquakes, namely October 5, October 20, and
October 31 (larger triangles were used to obtain epicentral coordinates of the smaller
magnitude events (smaller triangles). Large circles represent the area where solution

could reside. The error circles of the events 8 and 19, which are the most distant to one
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Figure 3. The earthquakes of the October 1993 seismic swarm, a) Larger magnitude
events Mp > 3.5, October 5, October 20, October 31; and b) Smaller magnitude A, <

3.5 October 8, October 10, October 26
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Figure 4. Waveforms and azimuth determined from the set. Statistical analysis of the
values of azimuth is used for azimuth determination. Curves on the lower part of the
figure represent: a) Values of instantaneous azimuth plotted as a function of time; b)
Values of instantaneous azimuth are averaged over a time window to assess mean value
of azimuth over the window; ¢) Standard deviation of the instantaneous azimuth from
the mean is plotted to show the zones of stable and reliable value of azimuth. Values of

standard deviation do not exceed 60 on this plot.
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Figure 6. Locations of the aftershocks of the January 17, 1994 earthquake. The
triangles represent locations of the events determined by SCSN and squares represent
locations of the same events determined by our method. Line connecting a triangle and
the corresponding square represents the mislocation for the given event. The largest

mislocation, (the most southern event) is of the order of 18 km.




Chapter 4
Regional Phase Development of the Non-Proliferation Experiment Along a

Broadband Seismic Profile

Mark Tinker, Terry Wallace, George Zandt and Steve Myers
SUMMARY

The Non-Proliferation Experiment (NPE), a large chemical explosion (1.3 x 106 kg of ANFO)
detonated at the Nevada Test Site on September 22, 1993, was conducted to verify possible
differences between the seismic signature from a nuclear and chemical explosion. The University
of Arizona recorded NPE along an east-west profile between NTS and the Lawrence Livermore
National Laboratory station KNB (Kanab, Utah). There were 10 stations in the profile equipped
with very broadband seismometers (STS-2), spaced at approximately 20 km. The close spacing
was essential to tract regional seismic phase development without aliasing. Data were sampled at
100 and 20 sps. -

Analysis of the waveforms yields three‘\gencralities: (1) the seismic phases change character
dramatically at the Colorado Plateau-Basin and Range transition. (2) NPE produced a significant
non-isotropic wavefield (SH energy). NPE was detonated only 500 m from a nuclear explosion of
similar yield (HUNTER'S TROPHY, September 18, 1992); although the P waves for the two
explosions are similar, the S-waves are different, reflecting the finitness of the source. The
regional wavefield recorded on open broadband stations located throughout the US, shows
remarkable similarity to that of HUNTER'S TROPHY. (3) the mpy, from the stations along the
profile are consistent with a yield of a 1.6 kt nuclear explosion.

The stations along the profile also recorded a number of teleseismic and regional earthquakes.
We have used these recording to determine the receiver structure beneath all the stations. The

crustal structure varies from 50 to 31 km; there is strong correlation between the thickness and

amount of geologic extension which occurred during the last 20 million years.
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INTRODUCTION

Regional distance seismology is the primary tool used for dectection and identification of
explosions, either nuclear or chemical. However, regional distance waveforms are also the most
complicated. Due to the large number of éxplosions and earthquakes at the Nevada Test Site, a
thorough analysis of various discrminants and source effects is possible, but only at the limited
number of stations (in other words, limited distances and azimuths) that have been in operation for
many years thereby acquiring such data (Walter et al., submitted to BSSA). Of course, sfations
located at these same distances and azimuths about another test site in another country could
produce an entirely different set of results. Therefore, it is necessary to have a solid understanding
of how regional phases develop within different tectonic regimes (azimuthal dependence) and at
different distances to effectivly monitor an active test site (prior data exists) or a potential test site
(no prior data). Such monitoring is necessacry, in terms of verification, if the world is to reenter
into a comprehensive nuclear test ban treaty. Furthermore, such monitoring would also attempt to
provide discrimination between eartquakes, legitimate chemical explosions, and nuclear
explosions.

To address such critical non-proliferation issues, on September 22, 1993, a large chemical
explosion was detonated at the Nevada Test Site. This explosion was known as the Non-
Proliferation Experiment (NPE). The purpose of this experiment was multi-fold, from measuring
hydrodynamic shock waves and free field particle velocities, accelerations, and stresses to
measuring electromagnetic pulses, gas samples, and atmospheric waves. A large portion of the
experiment focused on local and regional seismic surface measurements. The purpose of these
include, 1) verifying possible differences between the seismic signature from a nuclear and
chemical explosion, 2) investigating the evolution of regional seismic phases as they propagate
across major tectonic provinces, and 3) determining the effects a change in geologic environments

has on seismic discriminates.
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Members of the Southern Arizona Seismic Observatory at the University of Arizona
participated in NPE by recording the explosion on an east-west broad band seismic profile. Ten
broad band stations were installed on a line trending east from the Nevada Test Site to the
Lawrence Livermore National Laboratory permanent seismic station KNB at Kanab, Utah (figure
1). The purpose of this profile was to inveétigate the development of regional seismic phases and
to explore the effects a change in geologic environments has on" seismic discriminantes.
Furthermore, the Chemical Kiloton Explosion (hereafter referred to as NPE) was the most
instrumented non-classified explosion in history. Fifty broad band stations recorded the. event,
allowing not only for investigation of phase development at greater distances, but also as a function
of azimuth (Fig. 2). Finally, NPE was detonated less than 500 meters from a nuclear explosion
(Hunter's Trophy) of similar magnitude. Therefore, comparisons can be made between source
effects since the ray paths are (or were) virtually the same.

THE NON-PROLIFERATION EXPERIMENT

The United States Department of Energy excavated a large cylindircal chamber (15.2 meters in
diameter by 5.5 meters in height) 390 meters under Rainier Mesa at NTS. The cylinder was filled
with approximately 1.29 million kilograms of a pasty looking 30/70 emulsion to ANFO
(ammonium nitrate and fuel oil) blend. This entire volume was detonated sucessfully at one minute
past midnight on September 22, 1993, and recorded at 50 seismic stations.

The University of Arizona seismic profile consisted of 10 broad band STS-2 seismometers
(frequency band 40 - 0.05 Hz), Reftek digitizers, and GPS clocks. Nine of the ten stations were
operational during the explosion. The closest station to the shot point is 73 km, from which the
remaining stations were located at approximately 20 km intervals. Station KNB is 302 km from the
shot point. Thus, the profile covers the transition between the Basin and Range and the Colorado
Plateau. Station 1 is the furthest and Station 10 is the closest to the shot point. The remaining
stations that recorded NPE are permanent stations operated by Incorporated Research Institutions
in Seismology (IRIS)/Global Seismograph Network (GSN), Lawerence Livermore National Lab

(LLNL), Sandia National Lab, TERRAScope, the Berkeley Digital Seismic Network (BDSN), and




another portable broad band profile (trending 320° from NTS, 250km long) deployed by Priestley,
McCormack, and Patton, for a total of 50 stations. These stations range in distance 73km to
1029km from NTS. For Hunter's Trophy, we have 14 permanent stations from IRIS, LLNL,
BDSN, and TERRAScope, ranging in distance from 217km to 1029km.

ANALYSIS )

NPE Pn, Pg, and Lg Phase Development

The University of Arizona seismic profile (UA) recorded NPE at 9 stations. Station 2 was not
operational. However, by sheer coincidence, it was at the same distance and nearly thé same
azimuth as permanent station LDS. The entire UA profile is shown in Figure 3. The Pg velocity is
6.04 km/sec as determined from a least squares fit. The apparent Pn velocity is a slow 7.6 km/sec.
This is expected on a down-dipping structure such as the thickening Colorado Plateau. However,
also notice the variation in Pn amplitude. The crustal transition from the Basin and Range to the
Colorado Plateau is not a smooth one. This results in a focusing and defocusing of Pn energy as it
travels the down-dipping Moho. Finally, the shaded region is a Lg velocity window between 3.55
and 3.0 km/sec. Lg does not emerge until Station 6 at 166 km. From Station 6 to station KNB
(302km), the Lg/Pn spectral ratio gradually increases.

The same is true for the Reno profile (Figure 4). The Lg/Pn ratio increases with distance out to
the furthest station at 364 km. However, the apparent Pn velocity is a fast 8.5 km/sec, especially
for the Basin and Range. Perhaps, there is an up?dip component to the Moho from NTS to the
north-northwest. Furthermore, the Pg velocity is the same at 6.06 km/sec. Regardless, the Moho
again appears not to be sooth, as there is a pronounced focusing effect of Pn energy at station BRH
and defocusing of energy at COX and LRV.

Inverting the Pn and Pg times from both profiles, we find the Moho does dip downward to the
east and upward to the north-northwest. We constrained the Moho to be flat and used a Pn velocity
of 7.8 km/sec for the Reno profile and 7.9 increasing to 8.0 km/sec for the UA profile. However,
since this is an extremely non-unique problem, we inverted for a Moho structure consisting of 3 to

5 line segments over the 400 km length of the model. This resulted in a crustal thickness under




NTS of approximately 30 km. From NTS, out to 300 km on the UA line (the furthest distance
sampled), the crust stepped downward to a thickness of 40 km. Likewise, out to 370 km on the
Reno line, the crust shallowed to 18 km.
NPE Spectral Ratios versus distance -and azimuth

Both of the previously mentioned profiles share similar characteristics of interest to a
verification problem They are deployed along 2 different azimuths from NTS and therefore, in this
case, incorporate 2 different geologic/tectonic environments. As a result, the 2 profiles have
different phase velocities. In spite of their different locales, azimuths, and distances, their spectral
ratios each appear to behave as predicted. The Pn and Lg spectra decrease with distance, while the
Lg/Pn ratio increases with distance along the two respective azimuths . However, it is necessary to
ask it "how do these ratios compare between azimuths absolutely"? For the same distance, is the
Lg/Pn ratio different at different azimuths? In other words, what effect does azimuth have on
spectral discriminates within highly variable tectonic regimes? Furthermore, do spectral
discriminates vary as a function of distance? -

The Lg and Pn spectral values were determined for the 50 stations that recorded NPE (Figure
1) at different frequency bands (0.5Hz-1.0Hz, 1-2Hz, 2-4Hz, 4-6Hz, 6-8Hz, 8-10Hz). Lg/Pn at
different frequency bands and the Lg and Pn spectral ratios were evaluated versus distance. In
Figure 5, the Pn spectral ratio (0.1-10Hz/2-4Hz) is plotted as a function of distance. It is clearly
seen that Pn decreases with distance independent of azimuth and reasonably independent of
frequency band. The same is true of Lg at 0.1-10Hz/2-4Hz (Fig. 6). However, the Lg/Pn ratio
shows a remarkably different character (Fig. 7). From 1-2Hz, Lg/Pn increases out to 400 km and
then tapers off. Thus, from about 250 km to 500 km, the Lg/Pn ratio is large and highly scattered,
making it an extremely variable discriminant within this distance range. This scattering occurs
independent of azimuth, therefore, it cannot be tied to tectonic environment. This is also observed
in the Lg/Pn ratio of different frequency bands. Figure 8 shows Lg from 1-2Hz ratioed with Pn at

6-8Hz. In the distance range of 250 to 500 km, the values are highly scattered.

Hunter's Trophy phase comparison




We compared NPE to Hunter’s Trophy, a nuclear explosion at the NTS of approximately the
same magnitude and virtually the same location. Walter et al. (submitted to BSSA) performed a
thorough analysis of short-period phase and spectral ratio discriminates for 130 underground
nuclear explosions, NPE, and 50 earthquakes that occurred at NTS. However, they have only two
stations that recorded this activity. We use 14 permanent stations that recorded both Hunter's
Trophy and NPE. Figure 9 shows 9 stations that recorded Pn from both NPE and Hunter’s
Trophy. The waveforms not only show remarkable similarity in terms of shape, but amplitude as
well. The ratio value indicated in each box is the ratio of the first swing of Pn from Hunter’s
Trophy (HT) to NPE. The mean ratio of the 9 stations is 0.99, however, there is slight deviation
between the stations. KNB has the maximum value of 1.32 and PFO has the smallest value of
0.58. There appears to be no correlation of ratio value with distance or azimuth. Pg could be
distinguished at 5 stations (Fig. 10). The mean ratio value is 1.45, with a maximum of 1.7 at
station GSC and a minimum of 0.93 at KNB. Once again, there appears to be no pattern of ratio
values, as emphasized by KNB having the maximum Pn value and the minimurx?Pg value.

Likewise, P/S ratios were compared for the two explosions. The amplitude ratios for Pg/Sh at
5 stations and Pn/Sh at 7 stations were determined for a frequency window of 1 to 2 Hz and the
values plotted as a function of distance and azimuth. There was strong correlation between HT and
NPE implying that P to S ratios would be a poor method to discriminate between nuclear and
chemical explosions. No pattern is apparent in the ratio values as a function of azimuth. There is a
large increase in the Pg/S ratios at a distance range of approximately 400 km. However, this
observation is only based on one station and may be unreliable, yet it is intriguing how this was
also observed for the Lg/Pn ratios of NPE.

Crustal and Mantle Structure

On Septmber 19, 1993, several days prior to NPE, and earthquake at Chiapas, Mexico
(distance to the profile is about 200), was recorde by nine stations of the profile. A teleseismic P
wave propagating up to a seismic stations generates converted S waves at significant impedance

contrasts (e.g., the Moho) beneath the station. Receiver functions are waveforms computed by




deconvolving the vertical component from the radial component of the P wavetrain to isolate
converted phases within the coda. We used a time domain deconvolution procedure (Ammon,
1992) to compute reciever functions on oure profile. The raw data were low-pass filtered at about
3 s to emphasize the Moho P-to-S converted wave and to reduce the effects of a heterogeneous
crust. The low-frequency band pass of the rceiver function eliminates most effects of crustal
heterogeneity yet is sufficient to accurately measure the crustal Ps stra‘/el time. Most of the low-
pass receiver functions hav e one lare Ps arrival in the time window of 4-7 seconds, which we
interpret as the converted Ps wave from the crust-mantle boundary (figure 11). Assufning a
constant average crustal velocity of 6.25 km/s and Vp/Vs of 1.73 (for a Poisson solid), the
observed Ps-P time can be used to estimate crustal thickness using the equation:
Tps - Tp =h/Vp * (Vp/Vs*cos j - cos i)

where i and j are the angles of incidence for the P and S waves, respectively. Receiver functions
have an inherent non-uniqueness due to the trade-off between crustal velocity and thickness
(Ammon et al., 1990). Therefore we also tabulate crustal thicknesses correspondings to curstal
velocities of 6.0 and 6.5 km /s (Table 1). The crustal thickness profile determined from this simple
travel time calculation reveals a crustal thinening from the Basin and Range to Colorado Plateau of
approximately 20 km. The range of crustal thickness we sampled in the central part of the Basin
and Range is 30-33 km, increasing to 35-38 km in the eastern side of the Basin and Range. This
thickness reached the range of 49-53 km on western edge of the Colorado Plateau. Considering
the large range in average crustal velocity we considered, the crustal thickness estimates should be
fairly robust.

One final check on the crustal thickness comes from constraining the Vp/Vs ratios, and the
variability along the profile. The crustal P wave velocity average varies from 6.0 to 6.6 km/sec in
North America (Braile et al., 1989), which could change the thickness estimates from receiver
function analysis by up to 3 km (see table 1). The average Vp/Vs ratio varies for 1.73 to 1.85,
although extreme of 1.6 and 2.0 have been reported (Zandt and Ammon, 1995; Zandt et al., 1994).

Our analysis of the NPE profile shows a variation of at least 13% (1.65-1.85), which could




significantly influence our crustal thickness estimates made from Ps-P travel times. Higher than
normal Vp/Vs will result in a thinner crustal estimate and visa versa. However, higher Vp/Vs
rocks tend to be associated with more mafic compositions and high average velocities, thus the
high Vp tends to counteract the effect of Vp/Vs.

We estimate the crustal Vp/Vs along our"proﬁle using travel times of crustal multiple.s identified
in our receiver functions there are two significant crustal multiples: one is a multiple with two P
wave legs and one S wavbe leg, and the other is a multiple with one P wave leg and two S wave
legs (see figure 11). The two P wave leg multiple PpPms (here after referred as the P mulﬁple) is
the phase that refelcts off the surface then is converted to an S wave on reflection from the Moho.
The travel time difference between the P multiple and Ps is simple the two-way travel time through
the crust for a ray with rap parameter p:

TppPms - Tps = 2h (1/V2 - p2)12
The two S leg multiple (here after called the S multiple) is composed of two kinematically similar
waves PpSms + PsPms, which have identical travel times in a uniform layer (again, see figure 11).
The travel time difference between this S multiple and direct P wave is the two-way S wave travel
time through the crust;
TpsPms - Tp = 2h(1/V%s - p?) 112

The ratio of the travel time multiples is proportional to Vp/Vs, independent of crustal thickness, but
the S wave multiple is generall difficult to identify, prolaviey becuase it is composed of two
seperate rays and has a greater chance of being affected by lateral heterogeneity and adding out of
phase.

On the basis of the receiver function multiple, we suggest that the Colorado Plateau stations are
located on crust with a significantly above average Vp/Vs -- which is 1.84-1.86. In contrast, the
western most Basin and Range stations are located on crust with a low Vp/Vs, or 1.62-1.64.
Vp/Vs is near normal at the middle stations. The crustal thickness variations between stations of
our selected grouping is less than 2-3 km for all models, except stations 9 and 10 which differ by 5

km. The Ps phase at station 9 may be smapling a local crustal rot beneat the northen end of the




high She p Range similar to local crustal roots imaged in the southern Basin and Range (McCarth
et al., 1991; Myers and Beck, 1994). The Ps phase is sampling the curst out to 5-10 km fromthe
station, buth the multiple sample 2-3 time that distance (see figure xx). We did some simple
calculations to exame the possible effects of the crust that increases in thickness by 5 km over the
distance sample by the P multiple We found that the estra 5 km of crustal thickness would result in
about a 3.5 % underestimate of Vp/Vs. Our estimatesd deviation from normal for this group is
maginally greater than the estimated error, but we note that some htis deviation may be due to the
breakdown of the uniform curst assumption.

In summary, we found model B in table 1 is most consistent with teleseismic travel times,
Bouguer gravity and isostatic elevations. In model B, the crustal velocity is 6.25 km/s (Vp/Vs =
1.85) in the Plateau, 6.1 km/s (1.73) in the estern Basin and Range, and 6.0 km/s (1.73) in the
central Bansin and Range. The prefered crustal thickness results are shouw in figure xy with
thickness plotted approximately where the receiver function samples the Mohon along the source-
receiver great circle path, offset from the receiver towards the soure. The crust—is between 30 and
35 km in the Basin and Range and thickens to about 44 km in the Colorado Plateay which is also
characterized by a high Vp/Vs ratio of 1.85.

Conclusions

We have made seismic recordings of the NPE explosion along a profile cross the Basin and
Range on to the Colorado Plateau. The profile, which contained 10 stations, showed remarkable
character in terms of Pn and Pg amplitudes, although at all stations the waveforms were consistent
with those expected for an explosion. However, when the waveforms from all the stations in the

Western U.S. are considered, there is a strong anomoly in the Lg to Pn amplitude at 400 to 450

km. Although this effect needs to be investigated more fully, it suggests that discrimination based |

on a single station must be calibrated for distance.
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Figure Captions

Figure 1: Maps of station deployment, simplified geology (from Wernicke et al., 1988), and major
geogrpahic features. Heavy line are Cenozoic faults, oppoising arrow s indicate sense of slip on
strike-slip faults and D/U indicates the down and up thrown sides of normal faults. In bold nubers
are our preferred estimates from crustal thicness (in km) at approximate l/ocations show.

Figure 2: Broad band stations which recorded NPE.

Figure 3: Reduced travel time profile for NPE along SASO profile. Pn velocity (7.58 km/s), Pg
(6.04 km/s) and Lg window are shown.

Figure 4: Reduced travel time profile for NPE along an NE azimuth from NTS. Pn velocity (8.58
km/s), Pg (6.27 km/s) and an Lg window are shown.

Figure 5: Pn spectra ratioed at two different frequencies. The ratio increases with distance due to
attenuation. In general, paths to the west show more attenuation than those to the south.

Figure 6: Lg spectra ratioed at two different frequencies. Lg is apparently ﬁ;t well developed
before 300 km.

Figure 7: Lg to Pn spectra ratio. This is one of the best discriminates, although there are two
distance effects. Note that as distance increases the ratio increases (looks more earthquake like);
further, at 400 km Lg becomes abnormally large.

Figure 8: Comparision of Pn for HUNTER'S TROPHY and NPE.

Figure 9: Comparison of Pg for HUNTER'S TROPHY and NPE.

Figure 10: (a) Synthetic radial component receiver function for a simple layer over halfspace
model. Main phases and multiples corresponding to the ray path shown below. (b) Ray paths for
converted Ps phase and major multiples for a simple layer over half-space model.

Figure 11:




Table 1. Crustal Thickness and V,/V, Estimates From Travel Times of Converted Phases and Multiples Picked From
Receiver Functions of the September 19, 1993, Chiapas, Mexico Earthquake

H, km VIV, H, km

Ps-P, Pm-Ps, H, km

Station s 6.25 km/s 6.00 km/s 6.50 km/s s 6.0 km/s 6.25 km/s 6.5 km/s Model A Model B V,/V, Model C
KNB 6.20 49.0 47.4 50.6 44.2 423 44.9
1 6.50 51.4 49.7 53.1 46.4 44.4 47.1
2 6.40 50.6 48.9 52.3 45.7 43.7 46.3
Stki-2 6.45 51.0 49.3 52.7 12.3 1.86 1.85 1.84 46.0 44.1 1.80 46.7

3 no data

4 4.60 36.4 35.2 37.6 36.4 34.7 35.2
5 4.85 38.4 37.1 39.6 38.4 36.6 37.1
6 4.50 35.6 34.4 36.8 35.6 34.0 34.4
Stk4-6 4.65 36.8 35.6 38.0 10.1 1.75 1.73 1.73 36.8 3s5.1 1.73 35.6
7 3.90 30.8 29.8 31.9 294 29.4 29.8
8 4.20 33.2 32.1 343 317 31.7 32.1
Stk7-8 3.95 31.2 30.2 323 8.65 1.74 1.72 1.72 29.8 29.8 1.73 30.2
9 4.20 33.2 32.1 343 36.5 34.9 32.1
10 3.60 28.5 27.5 29.4 313 29.9 27.5
Stk9-10  4.05 32.0 31.0 33.1 10.2 1.64 1.62 1.62 35.2 33.6 173 310
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